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Quasi-biennial oscillation (QBO) is a well-known quasi-periodical variation with characteristic 
time 0.5-4 years in different solar, heliospheric and cosmic ray characteristics. Recently it has 
been shown that there are low correlation between the solar and heliospheric QBOs and rather 
high anticorrelation between the QBOs in galactic cosmic ray (GCR) intensity near the Earth and 
in the strength of the heliospheric magnetic field (HMF). Besides, it was suggested that both step¬ 
like changes of the GCR intensity and Gnevyshev Gap effect (a temporal damping of the solar 
modulation around the sunspot maxima) could be viewed as the manifestations of QBO. Some 
suggestions were also made on the mechanisms of QBO in the GCR intensity. 

In this paper a hypothesis is checked on the causes of the apparent lack of correlation between 
solar and heliospheric QBOs, then the possible mechanisms of QBO in the GCR intensity are 
discussed as well as the idea of the same nature of the step-like changes and Gnevyshev Gap 
effects in the GCR intensity. 

Our main conclusions are as follows: 

1. In the first approximation the hypothesis is justified that the change in the sunspot and QBO 
cycles in the transition from the Sun to the heliosphere is due to 1) the different magnitude 
and time behavior of the large-scale and small-scale photospheric solar magnetic fields and 
2) the stronger attenuation of the small-scale fields in this transition. 

2. As the QBO in the HMF strength influences both the diffusion coefficients and drift veloc¬ 
ity, it can give rise to the complex QBO in the GCR intensity with respect to the dominating 
HMF polarity. The description of drift velocity field for the periods of the HMF inversion 
is suggested, although it has drawbacks. 

3. As the conditions in the heliosphere are quite different around the sunspot maximum and 
during the periods of low solar activity (both with respect to the HMF polarity distribution 
and with the presence or absence of the large-scale barriers), the suggestion that both the 
step-like changes of the GCR intensity and Gnevyshev Gap effect could have the same 
nature, looks questionable. 
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1. Introduction 

Quasi-biennial oscillation (QBO) is a well-known quasi-periodical variation with characteristic 
time 0.5-4 years in different solar, heliospheric and cosmic ray characteristics, see |3|, ^ and 
references therein. QBO appears to be the most prevalent quasi periodicity shorter than the 11- 
year cycle in solar activity phenomena. Here we are interested, mainly, in three aspects among 
the many facts summarized in |^ ||, ^. First, in it has been shown that there is a lack of 
correlation between solar and heliospheric QBOs: the correlation coefficient between the QBO 
in the sunspot area Sss, QBOsss, and the QBO in the regular heliospheric magnetic field (HMF) 
sfrengfh QBOBhmf, is p ^ 0.2. This correlafion increases up fo p ps 0.5 if fhe heliospheric 
QBOs are shiffed behind fhe solar ones by abouf 3 monfhs. Second, in |Q] if was shown fhat fhe 
QBOs in fhe galacfic cosmic ray infensify Jgcr, QBOj, are nof coherenf with QBOsss and other solar 
indices, while they correspond well with QBOshmf and it was suggested that both step-like changes 
of the GCR intensity and Gnevyshev Gap (GG) effect (a temporal damping of the solar modulation 
around the sunspot maxima, see the references in |^) could be viewed as the manifestations of 
QBOj. Third, in ||^ Q] it was suggested that small delay of the QBOj relative to QBOBhmf argues 
for a diffusion mechanism of the QBOj acting within « 10 AU from the Sun , while the difference 
in the correlation coefficients for the periods with the dominating HMF polarity (A, the sign of 
B^™^ in the N-hemisphere) A > 0 and A < 0 may be indicative of the drift influence. 

In this paper, after introducing necessary definitions and describing the data used, we formu¬ 
late and check a hypothesis on the causes of the apparent lack of correlation between solar and 
heliospheric QBOs using as a proxy of both solar magnetic fields (SMF) and HMF the energy in¬ 
dices, introduced in 0. Then the possible mechanisms of QBOj are considered in slightly more 
details and we critically discuss the idea of the same nature of the step-like changes of the GCR 
intensity during the periods of low solar activity and GG-effect during the solar maximum phases. 

2. Definitions and data 

In this paper as a proxy for QBO in the time series of any characteristic P, monthly or Carrington 
rotation (CR) or Bartels rotation (BR) averaged, we consider the same as in simple and 

robust expression QBOp = Pj — P 25 , where P^ means the F-series smoothed with the period of 
k points. As a proxy for a long-term or sunspot cycle (SC) in the same characteristic we use 
SCp = Pi 3 , that is, approximately yearly smoothed F-series. Besides the CR time series of the SMF 
energy indices (see the next section), calculated using the Wilcox Solar Observatory (WSO), USA, 
data and models [[T^, we also use the CR series on the sunspot area Sss from | [T^ ] and the BR time 
series on the HMF strength near the Earth B^"^f from [Oi- 

3. Transition of QBO from the Sun to the heliosphere 

In ^ it was shown that the sunspot area and the photospheric SMF energy index, introduced 
in [^, change similar both in their long-term (SC) and QBO variations. Using the WSO data and 
models, the SMF energy indices could be constructed not only for photosphere, Pph, but for any 
radial distance between Vph and the source surface Vss = (2.5 -^3.25)rph, in the transition layer 
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from the Sun to the heliosphere. In this layer the energy density of the magnetic fields dominates 
over the solar wind thermal and kinetic energy densities, fixing the main features of the solar wind 
and HMF in the heliosphere, see 0il- Probably these indices could contain some valuable 
information on the space and time structure of the magnetic fields in this very important region. So 
before proceeding further with the discussion of QBOs it could be useful to say some words on the 
WSO models and the SMF energy indices. 

In the most widely used potential-field-source-surface WSO model, the radial SMF component 
Br in the range rph <r<rss is expressed in spherical coordinates {r, (p} as a series in terms of 

spherical functions <p) of degree I and order m: 

9 / 9 

Bf(r^Td'^(p,rss) — tJ, (3.1) 

l=0m=-l 1=0 


The expressions for B^ and B(p can be written in the similar way, Cr, C^, C(p being the known 
functions. The complex coefficients aim, or rather, their real counterparts g/„, and him are available 
on the WSO home page [ |T7[ ] for both types of the inner boundary conditions, fixing from obser¬ 
vations the line-of-sight photospheric SMF component Bf^' (in the “classic” variant of the WSO 
model) or B^^ (in the “radial” variant). In Eq. ( p.l[ ) we also represent Br as a sum of the partial B[ 
due to the SMF with the same degree 1. 

In our works on the structure of the solar cycle maximum phase we used the SMF energy 
index introduced in | D]. Generalizing, in [Q, |], ^ ^ we discussed the behavior of the energy index 
of the radial SMF component integrated over all longitudes and latitudes on the photosphere, but 
calculated without the monopole term (Z = 0) in Eq. (0), 


Br2 PH = 


rK p27l 

/ / ' 

Jo Jo 


<P) sin BdBdcp, 


(3.2) 


and also the similar energy index on the source surface, B2_SS. 

In two upper panels (a, b) of Eig. |i| the sunspot and QBO cycles in the photospheric radial SME 
energy index Br2_PH are compared with those of the sunspot area. This comparison supports the 
conclusion made in ||3|, that these two characteristics change similar both in their long-term and 
QBO variations. Besides it can be seen that the amplitudes of the QBO are the highest around 
the sunspot maximum phase (the time period between two Gnevyshev peaks in Bss smoothed with 
1-year period, shaded in Eig. |I|). Similarly, in two lower panels (c, d) of Eig. || the sunspot and 
QBO cycles in the SME energy index for the source surface, B2_SS, are compared with those of 
the HME strength _ it can be seen from Eig. |i| (c) that there is some correlation between the 
long-term variations of B2_SS and B^’”f, especially during the maximum phase. As to the QBOs 
in B2_SS and B^'^f (Eig. 0 (d)), they change almost synchronously. 

So in the transition from the Sun to the heliosphere the QBO in the SME energy index demon¬ 
strates approximately the same change as that reported in [^] for QBOs in the sunspot activity and 
the HME strength. Also in this transition some small shift is observed in the long-term variation of 
both characteristics. 

As it is well known, for By in the potential approximation the partial contribution B[ from the 
same degree I changes with r as oc so that at the source surface the magnetic field, which 

determines the HME, is influenced mostly by the SME of the low Z. It is enticing to suggest that the 
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Figure 1: The sunspot cycle and QBO in B2-indices on the photosphere and source surface in 1975-2015 in 
comparison with the same cycles in the sunspot area and HMF strength. The periods of the sunspot maxima 
are shaded and the HMF polarity A and the moments of the maximum sunspot area are indicated above the 
panels. In the panels the following variations are shown: (a, b) the sunspot cycles and QBOs, respectively, 
in the radial photospheric SMF energy index (red) and in the sunspot area (blue); (c,d) the sunspot cycles 
and QBOs, respectively, in the SMF energy index on the source surface (red) and in the HMF strength near 
the Earth (blue). 

change in QBOs from the Sun to the heliosphere is due to the same cause. So beside the total SMF 
energy indices Br2_PH and B2_SS we constructed the partial SMF energy index Br2_PH_l, 
connected with definite degree I : 

rTt 1*271 2 

Br2_PH_l = J J {rph,T},(p)sim}dT}d(p (3.3) 

and also the similar partial energy index on the source surface, B2_SS_1. Because of the orthog¬ 
onality of the spherical functions Br2_PH = ^^^QBr2_PH_l and B2_SS = ^^^qB2_SS_1. 

In two upper panels (a, b) of Fig. § the time profiles of the sunspot and QBO cycles in the 
partial photospheric SMF energy indices Br2_PH_l for each I are shown. It could be seen that 
both for the sunspot and QBO cycles the contributions into the total energy index from the high 
degrees / = 3,4,7 — 9 are significantly greater than from low degrees / = 1,2 and the time profile 
of the partial energy index with Z = 1 is somewhat lags behind the more powerful partial indices. 
In two lower panels of Fig. ^ the sunspot and QBO cycles in the partial SMF energy indices 
B2_SS_1 for each Z are shown. It is clearly seen that on the source surface and hence in the 
HMF for both long-term and QBO cycles the low-Z partial indices are the most important. So in 
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Figure 2: The sunspot cycle and QBO in the partial for each I B2-indices on the photosphere and source 
surface in 1976-2015. The periods of the sunspot maxima are shaded and the HMF polarity A and the 
moments of the maximum sunspot area are indicated above the panels. The correspondence between the 
colors of lines and / = 1 9 is shown in the upper panel. In the panels the following variations are shown; 

(a, b) the sunspot cycle and QBO, respectively, in the radial photospheric SMF partial energy indices for 
different 1 = 1 -^9; (c, d) the sunspot cycle and QBO, respectively, in the SMF partial energy indices on the 
source surface for different 1. 

the first approximation our hypothesis is justified that the change in the sunspot and QBO cycles 
in the transition from the Sun to the heliosphere is due to 1) the different magnitude and time 
behavior of the large-scale (low 1) and small-scale (high 1) photospheric SMF and 2) the stronger 
attenuation of the SMF with higher I in this transition. The first of these facts and how it correlates 
with the sunspot distribution still should be thought over. The conclusion in that the 11-year 
variation in contrast with QBO does not changes its phase during this transition is probably due to 
the fact that the observed lag of the time profiles in the heliosphere with respect to those on the Sun 
(approximately similar for both variations) for 11-y cycle is much smaller than its period. 

Note that the partial SMF energy indices can be constructed not only for the whole spheres 
but for different ranges of latitude, e.g., for different hemispheres or the royal zones (the latitude 
ranges with the sunspots) [^. We are planning to use them when looking for the explanation of, 
e.g., the different QBOs in the sunspot activity in the N- and S-hemispheres, reported in 0. 

4. On the causes and mechanisms of the QBO in GCR intensity 

It was suggested in 0 that the probable cause of the QBOj is the opposite in sign variation 
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in the HMF strength, QBOBhmf, and it is indicative of the diffusion as a main mechanism of the 
QBOj. Besides, the intermittent QBO in the heliospheric current sheet (HCS) quasi-tilt, QBOa^^, 
1^] can play some role in the difference between the QBOj for the periods of the opposite HMF 
polarity. Here we note that change of influences not only the diffusion coefficient 
1 in many models of the GCR intensity modulation), but also the magnetic drift velocity 
(also Vdrift 1 So the same QBOshmf in different periods could not only result in the same 

QBO j, but also along with QBOa^, could give rise to different QBO j for the A > 0 and A < 0 
periods. Moreover, as the contribution of the magnetic drift into the 11-year variation of the GCR 
intensity could be significant (see 0 and references therein), the same QBOj from the same 
QBOshmf could be the result not only of the diffusion but of the magnetic drift as well. 


WSO Case: Classic; goo=0 

CR 2103 CR 2104 CR 2119 


29.10.2010 - 25.11.2010 25.11.2010 - 23.12.2010 OB.01.2012 - 05.02.2012 
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Figure 3: The map of the HMF polarity the longitude averaged HMF polarity F and its the polar angle 
derivative dF/dB for three types of the HMF polarity distribution. The panels in the upper row are the HMF 
polarity {^) disttibutions for the "dipole" type (left), the "transition dipole" (middle) and "inversion" (right) 
types. The color (red for negative and blue for positive) stands for the HMF polarity, the black lines between 
being the HCSs. In the panels in the middle and lower rows F and dF/dd-, respectively, are shown for the 
corresponding HMF polarity disttibutions of the upper row. 


Our second note on the mechanisms of the QBO in GCR intensity concerns the description of 
the magnetic drift during the maximum phase of the sunspot cycle. For the phase of the low sunspot 
activity with the “dipole” type of the HMF polarity distribution (the single global HCS connecting 
all longitudes; see the HMF polarity classification in [10]), the GCR intensity can be calculated 
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using the transport equation with the usual magnetic drift velocity terms, e.g., utilizing the tilted- 
HCS model with a tilt a, as a parameter, and getting ott as the quasi-tilt Uqt from 0. However, it 
is not so simple to get these terms for the high sunspot activity phase with the “transition dipole” 
and “inversion” types of the HMF polarity distributions, when there are several HCSs and the use 
of the formally defined quasi-tilt is questionable. 

For the time being we use the following procedure. As in the regular 3D HMF can be 
represented as where S'" is the unipolar (or “monopolar”, 

> 0 everywhere) magnetic field and the HMF polarity is a scalar function equal to -|-1 in 
the positive and —1 in negative sectors, changing on the HCS surface =0. Then the 3D 

particle drift velocity is = pv/l>q V x , IM], where v and q are the particle speed and 

charge, respectively. Then one can decompose the drift velocity into the regular and current sheet 
velocities: 


fd,reg ^ [y X 


= pv/3<? 




(4.1) 

(4.2) 


So to get the magnetic drift velocities for any type of the HMF polarity distribution in 3D 
case one needs only ^ and ^^ and in 2D case the averaged over the longitude F and dF/dB. 
All of these quantities ^ ,F,dF / dB) can be calculated numerically for any calculated HMF 

polarity distribution, including the "transition dipole" and "inversion" types. In Fig. || along with 
the maps of on the source surface, the averaged over the longitude F and dF/dB are 

shown as functions of latitude for three types of the HMF polarity distribution. It can be seen 
that for the “dipole” type (the left column of Fig. ^ both F (and hence the regular drift velocity 
(pj|)) and dF/dB (and hence the HCS-drift velocity (p^)) have the usual (although somewhat 
irregular) appearance similar to the case of simple tilted-HCS. The addition to the global HCS of 
one more local HCS (the middle column of Fig. ||) adds two features of opposite sign to dF/dB 
(and hence two streams of opposite direction to HCS-drift velocity) at the latitudinal boundaries of 
the additional HCS. At last, the “inversion” type of the HMF polarity distribution (the right column 
of Fig. H) changes drastically both F and dF/dB, so that the HMF polarity in the polar regions 
are of the same signs and in these regions there are two strong HCS-streams of opposite direction. 
In 3D case there are also strong meridional flows along the HCSs and so the overall picture of 
the regular and HCS drifts looks rather systematic and intriguing. Note, however, that the HCS- 


drift velocity (4.2) does not take into account the smearing of the current sheet drift due to the 
finite larmor radius of the GCR particles |^. In ||^ we suggested that the fundamental difference 
between the global and nonglobal HCS lies in the fact that the sign of the radial component of the 
current sheet drift changes as the particle moves along the nonglobal HCS, so that the connection 
between the inner and outer heliosphere is blocked. 

So with respect to the HMF polarity distribution the conditions in the heliosphere are quite 
different around the sunspot maximum and during the periods of low solar activity. If we take into 
account the presence during high solar activity of the global merged interactive regions serving as 
barriers for the GCR propagation [|T^, the suggestion made in |Q] that both step-like changes of 
the GCR intensity and Gnevyshev Gap effect could be viewed as the manifestations of the QBO in 
the GCR intensity, that is, could have the same nature, looks questionable. 
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